Multidrug resistance (MDR) is a phenomenon where cancer cells become simultaneously resistant to anticancer drugs with different structures and mechanisms of action. MDR has been shown to be associated with overexpression of ATP-binding cassette (ABC) transporters. Here, we report that telatinib, a small molecule tyrosine kinase inhibitor, enhances the anticancer activity of ABCG2 substrate anticancer drugs by inhibiting ABCG2 efflux transporter activity. Co-incubation of ABCG2-overexpressing drug resistant cell lines with telatinib and ABCG2 substrate anticancer drugs significantly reduced cellular viability, whereas telatinib alone did not significantly affect drug sensitive and drug resistant cell lines. Telatinib at 1 μM did not significantly alter the expression of ABCG2 in ABCG2-overexpressing cell lines. Telatinib at 1 μM significantly enhanced the intracellular accumulation of [ 3 H]-mitoxantrone (MX) in ABCG2-overexpressing cell lines. In addition, telatinib at 1 μM significantly reduced the rate of [ 3 H]-MX efflux from ABCG2-overexpressing cells. Furthermore, telatinib significantly inhibited ABCG2-mediated transport of [ 3 H]-E 2 17βG in ABCG2 overexpressing membrane vesicles. Telatinib stimulated the ATPase activity of ABCG2 in a concentration-dependent manner, indicating that telatinib might be a substrate of ABCG2. Binding interactions of telatinib were found to be in transmembrane region of homology modeled human ABCG2. In addition, telatinib (15 mg/kg) with doxorubicin (1.8 mg/kg) significantly decreased the growth rate and tumor size of ABCG2 overexpressing tumors in a xenograft nude mouse model. These results, provided that they can be translated to humans, suggesting that telatinib, in combination with specific ABCG2 substrate drugs may be useful in treating tumors that overexpress ABCG2.
Introduction
Multidrug resistance (MDR) is a phenomenon of simultaneous resistance exhibited by cancer cells to anticancer drugs with different structures and mechanisms of action [1, 2] . MDR is often associated with overexpression of transmembrane ATP-binding cassette (ABC) transporters [2] . ABC transporter-subfamily B member 1 (ABCB1/P-gp/MDR1), ABC transporter-subfamily C member 1 (ABCC1/MRP1) and ABC transporter-subfamily G member 2 (ABCG2/BCRP/MXR/ABCP) are the major ABC transporters that have been implicated in the development of MDR [3] [4] [5] . These ABC transporters reduce the amount of anticancer drug inside cancer cells by eliminating substrate anticancer drugs against the concentration gradient by ATP-dependent active efflux [1, 3, 5, 6] . It leads to intracellular levels of anticancer drugs below the cytotoxic effect and renders the cancer cells mostly unaffected.
ABCG2 is localized apically in polarized cells, such as blood-brain barrier and intestinal enterocytes, where it can influence the oral absorption and pharmacokinetics of several anticancer drugs [7, 8] . Human ABCG2 has a broad substrate profile that includes several anticancer drugs, ranging from organic anion conjugates, nucleoside analogs, organic dyes, and tyrosine kinase inhibitors (TKIs) to anthracyclines [9, 10] . Although evidence of ABCG2 involvement in clinical MDR is accumulating, there is no lack of conflicting results between ABCG2 expression and drug response [11, 12] . Some studies have reported association between ABCG2 expression and poor chemotherapeutic response. Increased ABCG2 gene expression has also been associated with poor response to chemotherapy in childhood acute myeloid leukemia (AML) and relapsed AML [13, 14] . In addition, increased ABCG2 mRNA has been reported in irinotecan treated hepatic metastases than in irinotecan-naive metastases [15] . ABCG2 expression has been reported in various solid tumors, such as digestive tract, endometrium and melanoma [16] . ABCG2 expression has also been reported in leukemia, especially in pediatric AML [17] . ABCG2 is also reported as a molecular marker for side-population (SP) characterization [18] . SP cells are isolated from various solid and hematological malignancies [19] [20] [21] [22] . These SP cells were shown to have cells with stem cell-like properties, such as self-renewal and resistance to anticancer drugs [20, [22] [23] [24] . These cancer stem cells with drug resistance capability are thought to be responsible for the tumor regrowth and ABCG2 is most likely an efflux transporter providing a protective mechanism against anticancer drugs [24] . It suggests that inhibition of the efflux function of the ABCG2 transporter can enhance the cytotoxic effects of anticancer drugs.
Enormous efforts have been devoted towards discovery and development of ABCB1 inhibitors [10] . However, none of the clinical trials with ABCB1 inhibitors have been clinically successful [10] . In addition, very little efforts have been devoted towards studies concerning ABCG2, and few specific inhibitors have been identified. Small molecule inhibitors of ABCG2 may be useful to combat ABCG2-mediated drug resistance, to improve bioavailability of orally administered ABCG2 substrate drugs, and to kill the putative cancer stem cells with ABCG2 expression. Many compounds such as fumitremorgin C (FTC), lapatinib and its analogues, erlotinib and nilotinib have been shown to inhibit ABCG2 in vitro [25] [26] [27] [28] [29] [30] . However, very few studies have shown the effect of selective ABCG2 inhibitors on drug resistance in vivo. No drug specifically inhibiting ABCG2 has been clinically approved yet. Accordingly, a specific ABCG2 inhibitor with an in vivo effect on MDR would be a good candidate for clinical trial.
Telatinib is a potent and orally available TKI of vascular endothelial growth factor receptor (VEGFR)-2, VEGFR-3, platelet-derived growth factor receptor-β (PDGFR-β) and cKIT (stem cell growth factor receptor) [31] . It is currently in clinical trial for gastric and colorectal cancer by ACT biotech (http://www.actbiotech.com/pipeline.html). In addition, telatinib combination does not add toxicity when combined at monotherapy dose with chemotherapy (http://meeting.ascopubs.org/cgi/content/abstract/28/15_suppl/e14575). In the current study we have examined the effect of telatinib on ABCG2-mediated drug resistance in cancer cell lines in relation to ABCG2 expression in vitro and in vivo.
Methods and materials

Chemicals
[ 3 H]-mitoxantrone (MX) (4 Ci/mmol) was purchased from Moravek Biochemicals, Inc (Brea, CA). Dulbecco's modified Eagle's medium (DMEM), fetal bovine serum (FBS), penicillin/streptomycin and trypsin 0.25% were purchased from Hyclone (Waltham, MA). The monoclonal antibodies BXP-21 (against ABCG2), sc-8432 (against actin) and the secondary horseradish peroxidase-labeled anti-mouse IgG were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). GAPDH rabbit monoclonal antibody was purchased from cell signaling (Danvers, MA). Alexa Fluor® 488 Goat Anti-Mouse antibody for immunofluorescence was purchased from Life Technologies (Grand Island, NY). Human ABCG2 (Arg 482) membranes were purchased from BD Bioscience (Woburn, MA). FTC was synthesized by Thomas McCloud, Developmental Therapeutics Program, and Natural Products Extraction Laboratory, NIH (Bethesda, MD) and was a gift from Dr. Susan Bates. ONO-1078 (specific ABCC1 inhibitor) was a gift from Dr. Shin-ichi Akiyama (Kagoshima, Japan). Telatinib was purchased from Selleck chemicals (Houston, TX). Doxorubicin (DOX) was purchased from LC laboratories (Woburn, MA). MX, SN-38, verapamil, cisplatin, (3-(4,5-dimethylthiazol-yl)-2,5-diphenyltetrazolium bromide (MTT), dimethyl sulfoxide (DMSO) and other chemicals were obtained from Sigma Chemical Co. (St. Louis, MO).
Cell lines
HEK293/pcDNA3.1 (parental), ABCG2-482-R2, ABCG2-482-G2 and ABCG2-482-T7 cell lines were established by selection with G418 (2 mg/ml) after transfecting HEK293 cell line with either an empty pcDNA3.1 vector or pcDNA3.1 vector containing a full length ABCG2 with Arg, Gly or Thr at position 482, respectively, and were cultured in a medium with 2 mg/mL of G418. The H460 (Non small cell lung cancer), S1 (colorectal cancer cell line), ABCG2 overexpressing H460/MX20 and S1-M1-80 cells were kindly provided by Dr. Susan Bates and Robert Robey (NCI, NIH, Bethesda), The KB-C2 cell line overexpressing ABCB1, was established by a stepwise exposure of KB-3-1, a parental human epidermoid carcinoma cell line, to increasing concentration of colchicine upto 2 μg/mL [32] . ABCC1-transfected HEK/ABCC1 cells were kindly provided by Dr. Suresh Ambudkar (NCI, NIH, Bethesda, MD). All cells were grown as adherent monolayer in drug-free culture media for more than 2 weeks before assay. All cell lines were cultured at 37°C with 5% CO 2 and DMEM containing 10% FBS and 1% penicillin/streptomycin.
Cytotoxicity determination by MTT assay
Briefly, cells were harvested and re-suspended at a final concentration of 3×10 3 cells/well for KB-3-1 and H460 cells, and 5×10 3 cells/well for KB-C2, H460/MX20, ABCG2-482-R2, S1-M1-80, HEK293/pcDNA3.1, ABCG2-482-G2, ABCG2-482-T7 and HEK/ABCC1 cells. Cells were seeded evenly into (160 μl/well) 96-well plate. After incubating for 24 h at 37°C, 20 μl of different concentrations of the anticancer drug (prepared in PBS with final DMSO concentration of 0.01%) were added (20 μl of a fixed concentration of the inhibitor was added 1 h prior to the addition of anticancer drug). Subsequently the cells were incubated at 37°C for 72 h. After 72 h, 20 μl MTT (4 mg/ml) was added to each well. The plates were incubated at 37°C for 4 h. The MTT was gently aspirated from each well without disturbing the cells, and 100 μl of DMSO was added to dissolve the purple formazan crystals. Finally, the absorbance was read at 570 nm with the help of Opsys microplate reader (Dynex Technologies, Chantilly, VA) The IC 50 was calculated in accordance with the bliss method [33] .
[ 3 H]-MX accumulation and efflux assay
The parental HEK293/pcDNA3.1, ABCG2-482-R2, ABCG2-482-G2 and ABCG2-482-T7 cells were trypsinized and two aliquots (12×10 6 cells) from each cell line were suspended in the medium, pre-incubated with or without reversal agent (Telatinib or FTC) at 37°C for 1 h. Subsequently, cells were suspended in the medium containing 0.1 μM [ 3 H]-MX with or without the reversal compound at 37°C for 2 h. The cells were washed with cold phosphatebuffered saline (PBS) for three times and radioactivity was measured. Briefly, parental HEK293-pcDNA3.1 and ABCG2-482-R2 cells were trypsinized and two aliquots (48×10 6 cells) from each cell line were suspended in the medium, pre-incubated with or without reversal agent at 37°C for 1 h. Subsequently, cells were suspended in the medium containing 0.1 μM [ 3 H]-MX with or without reversal agent at 37°C for 2 h. The cells were washed with cold PBS for three times, and then suspended in fresh medium with or without telatinib at 37°C. Aliquots (1×10 6 cells) were collected at various time points (0, 60, 120, and 240 min). Radioactivity was measured in a Packard TRI-CARB® 1900CA liquid scintillation analyzer from Packard Instrument Company, Inc (Downers Grove, IL).
Western blot analysis
Cell lysates from H460/MX20 cell line were prepared as described previously. Equal amounts of total cell lysates (30 μg protein) were resolved by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically transferred onto polyvinylidene fluoride (PVDF) membranes. After incubation in a blocking solution in TBST buffer (10 mM Tris HCl, pH 8.0, 150 mM NaCl, and 1% Tween 20) for 1 h at room temperature, the membranes were incubated overnight with primary monoclonal antibodies against either actin/GAPDH at 1:1000 dilution or ABCG2 at 1:200 dilution at 4°C, and were then further incubated for 2 h at room temperature with horseradish peroxide (HRP)-conjugated secondary antibody (1:1000 dilution). The protein-antibody complex was detected by enhanced chemiluminescence detection system (Amersham, NJ).
Immunocytochemistry analysis
For immunocytochemistry analysis, H460 and H460/MX20 cells (0.5×10 3 ) were seeded in 24 well plates. Cells were incubated with or without telatinib (1 μM) for 72 h. Thereafter, cells were washed with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature and then rinsed with PBS three times. Followed by permeabilization with 1% triton X-100 for 10 min at 4°C. Cells were again washed for three times with PBS. Then cells were blocked with 2 mg/ml of BSA for 1 h at 37°C. Fixed cells were incubated with monoclonal antibody against ABCG2 (BXP 21) (1:50) for 1 h at 37°C, followed by three washes with PBS. Then cells were further incubated with Alexa flour 488 goat anti-mouse IgG (1:60) for 1 h at 37°C. DAPI was used for nuclear counterstaining. Immunofluorescence images were taken with a fluorescence microscope (Nikon eclipse TE2000-S, Melville, NY).
ATPase assay of ABCG2
The vanadate (Vi)-sensitive ATPase activity of ABCG2 in the membrane of High Five insect cells was measured as per supplier's instructions and previously described. Briefly, membrane (2 μg/0.06ml) were incubated in ATPase assay buffer (50 mM MES, pH 6.8, 50 mM KCl, 5 mM sodium azide, 2 mM EGTA, 2 mM dithiothreitol, 1 mM ouabain, and 10 mM MgCl 2 ) with or without 0.4 mM vanadate at 37°C for 5 min and then incubated with varying concentrations of telatinib at 37°C for 5 min. The ATPase reaction was started by the addition of 4 mM Mg-ATP. After incubating at 37°C for 10 min, the reactions were stopped by adding 0.05 mL of 10% SDS solution. The liberated inorganic phosphate was measured as previously described [34] .
Inside-out vesicle uptake assay
For the uptake assay, we used HEK293/pcDNA3.1 and ABCG2 overexpressing ABCG2-482-R2 cell membrane vesicles. The experiment was carried out using a rapid filtration method, as previously described [35] in a medium containing membrane vesicles (10 μg), 0.25 M sucrose, 10 mM Tris-HCl, pH 7.4, 10 mM MgCl 2 , 4 mM AMP/ATP, 10 mM phosphocreatine, 100 μg/ml creatine phosphokinase, and radio labeled substrate ([ 3 H]-E 2 17βG) with unlabeled substrate, in a total volume of 50 μl. Reactions were carried out at 37 °C for 10 minutes and was stopped by adding 3 ml of an ice-cold stop solution (0.25 M sucrose, 100 mM NaCl, 10 mM Tris-HCl, pH 7.4). Samples were passed through 0.22 μM Dura pore membrane filters (Millipore, Bedford, MA) under vacuum. The filters were washed three times with 3 ml of ice-cold stop solution and dried at room temperature for 30 min. Radioactivity was measured by the use of a liquid scintillation counter. The rates of net ATP-dependent transport were determined by subtracting the values obtained in the presence of 4 mM AMP from those obtained in the presence of 4 mM ATP.
Molecular Modeling -ABCG2
2.9.1 Ligand structure preparation-Telatinib structure was built using the fragment dictionary of Maestro v9.0 and energy minimized by Macromodel program v9.7 (Schrödinger, Inc., New York, NY, 2009). The low-energy 3D structures of telatinib were generated by LigPrep v2.3 as described previously. Conformational search on LigPrep generated ligand structure was performed as per previous study [28] .
2.9.2
Protein structure preparations and docking protocol-Homology model of ABCG2 was built based on the mouse p-glycoprotein (PDB ID: 3G5U) [36] as template and has been generated and provided the to us by Rosenberg et al. [37, 38] . The homology model of ABCG2 was energy minimized before initiating grid preparation. To identify the druggable sites on ABCG2 homology model, we have generated various grids based on the following residues as centroids, for example, Arg482 (grid 1), Asn629 (grid 2), Arg383 (grid 3) and Leu241 along with Gly83 (grid 4). The choices of these residues were based on their involvement in ABCG2 function as determined through mutational experiments [39] [40] [41] [42] . The grid 1 generated using Arg482 as the centroid was found to have the best docking score; hence the docking discussion is based on binding mode of the top scoring telatinib conformation at the site of Arg 482 generated grid 1. Glide v5.0 docking protocol was followed with the default functions (Schrödinger, Inc., New York, NY, 2009). All computations were carried out on a Dell Precision 470n dual processor with the Linux OS (Red Hat Enterprise WS 4.0).
Animals
Male athymic NCR (nu/nu) nude mice (13-15 g, age 4-5 weeks), were purchased from the Taconic Farms (NCRNU-M, Homozygous, Albany, NY) and were used for tumor xenograft. All the animals were maintained on an alternating 12 h light/dark cycle with free access to water and rodent chow ad libitum. The mice were maintained at the St. John's University Animal Facility and were monitored closely for tumor growth by palpation and visual examination. Institutional Animal Care & Use Committee (IACUC) of St. John's University approved this project, and the research was conducted in compliance with the Animal Welfare Act and other federal statutes.
Nude mice ABCG2-overexpressing tumor xenograft model
Briefly, H460 (1×10 6 ) and H460/MX20 (3×10 6 ) cells were injected s.c under the armpits. Tumors that fail to reach a volume of 30 mm 3 at the start of treatment were not used in this study. The mice were randomized into four groups (n=8) and treated with one of the following regimens: (a) vehicle (10% N-methyl-pyrrolidinone, 90% polyethylene glycol 300) (q3d×6), (b) DOX (1.8 mg/kg, i.p., q3d×6), (c) telatinib dissolved in 10% N-methylpyrrolidinone, 90% polyethylene glycol 300 (15 mg/kg, p.o., every 2 nd and 3 rd day; total 12 times), and (d) DOX (1.8 mg/kg, i.p., q3d×6) + telatinib (15 mg/kg, p.o., every 2 nd and 3 rd day, given 1 h before giving DOX; total 12 times). DOX for injection was prepared by dissolving in saline. Tumor volume was measured using calipers and body weights were recorded. The two perpendicular diameters of tumors (termed A and B) were recorded every 3 rd day and tumor volume (V) was estimated according to the formula published previously [30] . At the end of the study, animals were euthanized by carbon dioxide, tumor tissue were excised and fixed in 10% formalin for immunohistochemistry.
Immunohistochemistry
Tumors were collected, fixed in 10% Neutral Buffered Formalin (NBF) and embedded in paraffin. Sections were cut at 5-μm, deparaffinized by xylene and rehydrated in decreasing concentration of ethanol. Boiling sections on 10 mM citrate buffer for 20 min achieved antigen retrieval. After blocking of endogenous peroxidase with 3% hydrogen peroxidase in methanol, non-specific reaction was blocked with 1% BSA at room temperature for 30 min. The sections were next incubated with the primary antibody against ABCG2 at the dilution of 1:100, at 4°C overnight. After washing in TBS for three times, sections were incubated with labeled polymer-HRP anti-mouse (DAKO) secondary antibody at room temperature for 1 h. The sections were then exposed to DAB (Diaminobenzidine tetrahydrochloride) solution and counterstained with hematoxylin. Finally sections were dehydrated in increasing concentration of ethanol, cleared in xylene and mounted in Permount. Images were taken by Nikon Eclipse E600 microscope using NIS Elements D3.0 software.
Statistical analysis
Differences of the parameters between two groups were analyzed by two-tailed Student's t test. P < 0.05 was considered as statistically significant.
Results
Telatinib significantly potentiates the cytotoxicity of ABCG2 substrate anticancer drugs, but not those for ABCB1 and ABCC1
Cytotoxicity of telatinib alone on ABCG2-overexpressing cell lines was analyzed and was found to be nontoxic with IC 50 values of more than 10 μM (data not shown). Subsequently, a concentration range of 0.25, 0.5 and 1 μM, was selected at which the ABCG2 inhibition ability of telatinib was analyzed for further experiments. HEK293 cells transfected with wild-type (ABCG2-482-R2) and mutant (ABCG2-482-G2 and ABCG2-482-T7) ABCG2 showed significant resistance to MX and SN-38 (an active metabolite of topotecan) compared to HEK293/pcDNA3.1. Telatinib significantly potentiated the cytotoxicity of MX and SN-38 in ABCG2-transfected cell lines in a concentration dependent manner (Table 1 ). In addition, the reversal effect of telatinib on ABCG2-mediated MDR was comparable to the effect produced by 2.5 μM of FTC, a known ABCG2 inhibitor (Table 1) . However, telatinib did not sensitize ABCG2-transfected cells to cisplatin, a nonsubstrate of ABCG2 (Table 1 ).
In addition, the reversal effect of telatinib was also analyzed in parental H460 and S1, drug selected ABCG2 overexpressing H460/MX20 and S1-M1-80 cells. We found similar results where telatinib significantly increased the cytotoxicity of MX and DOX in ABCG2 overexpressing H460/MX20 and S1-M1-80 cells, respectively (Table. 1 ). However, telatinib did not sensitize the parental HEK293/pcDNA3.1, H460 and S1 cells to ABCG2 substrate anticancer drugs (Table 1) . Separately, the effect of telatinib on ABCB1-and ABCC1-mediated MDR was also analyzed. We found that telatinib did not affect the ABCB1-and ABCC1-mediated MDR in ABCB1 overexpressing KB-C2 cells and ABCC1 overexpressing HEK/ABCC1 cell, respectively (data not shown). Together these results indicate that telatinib selectively and significantly reverses the ABCG2-mediated MDR.
Telatinib enhances the intracellular accumulation of [ 3 H]-MX in cells overexpressing ABCG2
To explore the reversal mechanism, we examined the effect of telatinib on the intracellular accumulation of ABCG2 substrate anticancer drug in ABCG2 overexpressing cells. (Fig. 1A) . These results suggest that increased intracellular levels of [ 3 H]-MX in ABCG2 overexpressing cells might be because of inhibitory effect of telatinib on drug efflux function of ABCG2 transporter.
Telatinib decreases the efflux of [ 3 H]-MX from cells overexpressing ABCG2
We performed a time course 30 .73% with respect to the 0 min, respectively, in ABCG2-482-R2 cells in the absence of telatinib. When ABCG2-482-R2 cells were incubated with telatinib, the percentages at 60, 120 and 240 min were increased to 81.32%, 80.03% and 70.78%, respectively (Fig. 1B) .
Telatinib does not alter the expression level of ABCG2
To analyze the effect of telatinib on the ABCG2 expression, we incubated ABCG2-482-R2 cells with telatinib at 1 μM for 24, 48 and 72 h and also at 0.25, 0.5 and 1 μM for 72 h. We found no significant decrease in the expression levels of ABCG2 upon telatinib treatment both concentration and time dependently (Fig. 2A) . To evaluate if telatinib causes the translocation of ABCG2 from the plasma membrane to the cytoplasm, leading to a reduction of functional ABCG2, we performed an immunofluorescence analysis with H460 and ABCG2 overexpressing H460/MX20 cells. The results obtained showed ABCG2 expression on the membrane of H460/MX20 cells and the alteration in localization pattern is unlikely upon telatinib treatment (1 μM) for 72 h (Fig. 2B) .
Telatinib stimulates the ATPase activity of ABCG2
Several reversal agents have been reported as inhibitor and/or substrate of ABC transporters [26, 27, 43, 44] . To determine the type of interaction of telatinib with ABCG2 ATPase, we performed an ABCG2 ATPase assay using membranes of high five insect cells overexpressing ABCG2 with different concentrations of telatinib. Telatinib stimulated the ABCG2 ATPase activity in concentration dependent manner pointing to its potential status as an ABCG2 substrate (Fig. 3 ).
Telatinib inhibits the transport of E 2 17βG in membrane vesicles overexpressing ABCG2
With the help of inside-out membrane vesicles obtained from HEK293/-pcDNA3.1 and ABCG2-482-R2 we analyzed the ability of telatinib to inhibit the transport of the physiological substrate of wild-type ABCG2, E 2 17βG. Here we see no change in the uptake of [ 3 H]-E 2 17βG in the parental HEK293/pcDNA3.1 vesicles in the presence or absence of telatinib or FTC. However ABCG2-482-R2 vesicles showed increased ATP-dependent uptake of [ 3 H]-E 2 17βG, which was effectively inhibited in the presence of telatinib at 1 μM and 2.5 μM FTC (Fig. 4) . This result clearly indicates the ability of telatinib to interact with the ABCG2 membrane transporter and thereby inhibits its transport activity.
Docking of telatinib to human homology modeled ABCG2
The XP-Glide predicted binding mode of telatinib to human homology modeled ABCG2 [37, 38] is shown in (Fig. 5) . The binding energy score of telatinib with human ABCG2 was found to be -8.18 kcal/mol and shows significant interaction energy. Pyridine-2-carboxylic acid methylamide substituent of telatinib is in hydrophobic contact with Y464, S486, F489, F511, I573, P574 and L581. The carbonyl oxygen atom is involved in a hydrogen bond interaction with the side chain hydroxyl function of Y464 (-CO---OH-Y464, 2.0 Å). Moreover, the NH of the methyl amide function is involved in two electrostatic interactions, one with the oxygen atom present in side chain hydroxyl group of S486 (CH 3 NH---OH-S486, 3.7 Å) and another with the backbone carbonyl function of I573 (-CH 3 NH---OC-I573, 4.2 Å), which may weaken the ABCG2 activity by conformational lock. Furano-pyridazine ring was found stabilize through hydrophobic interaction with side chain of residues F507, A580, L626 and W627. Whereas the -NH linker present between the furano-pyridazine ring and chlorophenyl group is involved in electrostatic interaction with the nitrogen atom of the side chain imidazole ring present in H630 (-NH---N-H630, 2.6 Å). Through site-directed mutagenesis studies, it has been reported that H630 in ABCG2 plays a critical role in the function of ABCG2 [41] . Moreover terminal chlorophenyl ring is involved in hydrophobic interaction with the side chains of the F507, F511 and L633.
Telatinib potentiates the anticancer activity of doxorubicin in ABCG2-overexpressing tumor xenograft nude mouse model
The parental H460 and MX-selected ABCG2 overexpressing H460/MX-20 xenograft MDR model in athymic nude mice was used to investigate the efficacy of telatinib to reverse the resistance to DOX in vivo. Telatinib at 15 mg/kg oral dose was chosen based on our preliminary study where we monitored the tumor efficacy (Data not shown) and had no visible toxicity or phenotypic changes in the male athymic NCR nude mice. DOX at 1.8 mg/ kg i.p dose showed appreciable growth retardation in the parental H460 xenografts but not in H460/MX20 xenografts (Fig. 6A-6D ). The H460/MX20 tumor growth rate recorded over a period of 18 days was significantly slow in the telatinib-DOX combination group compared to vehicle, telatinib alone or DOX alone groups (Fig. 6B) . In addition, telatinib in combination with DOX also produced a significant reduction in tumor size and weight ( Fig.  6D and 7B ). It should be noted that telatinib by itself also significantly decreased the growth rate of H460 and H460/MX20 xenografts. However, there was no significant difference between the effects of telatinib alone or combination on the H460 xenografts (Fig. 6A, 6C and 7A). DOX with or without telatinib did not produce any apparent toxicity or weight loss (Fig. 7C) . Immunohistochemical analysis of the excised tumors showed expression of ABCG2 in H460/MX20 tumors and there was no significant difference in the expression level of the ABCG2 among different groups. Taken together, telatinib did not increase the toxicity; instead it improved the efficacy of DOX in the H460/MX20 xenograft model.
Discussion
In the current study, we examined the effect of telatinib on ABCG2-mediated drug resistance in vitro and in vivo. In our cell viability assay, telatinib potentiated the cytotoxicity of ABCG2 substrate anticancer drugs in ABCG2-transfected cells and drug selected ABCG2 over-expressing cancer cells. But it had no effect on the parental cells that lack the ABCG2 transporter. However, telatinib had no effect on ABCB1-, ABCC1-and ABCC10-mediated MDR (data not shown). Telatinib itself at the experimentally used concentrations had no significant cytotoxicity on the cell lines used in this study in vitro. These observations suggest that telatinib selectively potentiates the cytotoxicity of the ABCG2 substrate anticancer drugs and reverses ABCG2-mediated MDR.
To investigate the mechanism of the reversal of ABCG2-mediated MDR, we analyzed the effect of telatinib on ABCG2-mediated drug transport, ABCG2 expression and its localization in vitro. Telatinib increased the accumulation of MX and decreased the efflux rate in cells transfected with ABCG2. Furthermore, telatinib did not affect either expression or localization of ABCG2. However, effect of telatinib on localization still needs to be confirmed by more sensitive means. It indicates that increase in MX levels in the cells expressing ABCG2 is because of inhibition of ABCG2 drug efflux function by telatinib. Some selective ABCG2 inhibitors, such as acrylonitrile derivatives, YHO-13177 and YHO-13351, have been reported to inhibit the function well as expression of ABCG2 [45] . Drugs such as LY294002 (PI3K inhibitor) [46] SGI-1776 (PIM-1 kimase inhibitor) [47] telmisartan and rosiglitazone (PPAR-Y antagonists) [48] were reported to alter the membrane localization of ABCG2 transporter. Telatinib stimulated the ABCG2 ATPase activity in a concentration dependent manner. In addition telatinib effectively reduced the ATP-dependent uptake of [ 3 H]-E 2 17βG in membrane vesicles obtained from ABCG2-482-R2 without affecting the uptake in the parental HEK293/pcDNA3.1 vesicles. This shows the ability of telatinib to directly interact with the ABCG2 membrane transporter and thereafter inhibiting its transport activity at sub-micromolar concentrations.
However, several other TKIs with ABCB1 and ABCG2 inhibition activity have been shown to be substrates of ABCG2 at low concentration and inhibitors at higher concentration [43, 44, 49] . In addition, one of the major problems with ABC transporter inhibitors is a severe side effect upon combining with anticancer drugs in clinical trials. FTC, a relatively specific inhibitor of ABCG2, was reported to be neurotoxic in clinical trials [25] . Here we report that telatinib selectively inhibits ABCG2 drug efflux function. Report also suggests that it can be combined with chemotherapeutic drugs without addition of severe side effects. It further indicates that telatinib may be used in combination with other chemotherapeutic drugs.
To identify the binding interactions of the telatinib with ABCG2 transporter, we performed a molecular docking study at highly scored druggable site on homology modeled functionally active dimer form of human ABCG2. Telatinib appears to exhibit the important pharmacophoric features, like hydrophobic groups and/or aromatic ring centers, hydrogen bond acceptor and hydrogen bond donor groups, that have been described critical for binding to ABCG2 and its inhibition [50] . In the absence of co-crystal structure of telatinib-ABCG2, the docking model will form the basis for the future optimization of telatinib to understand the molecular mechanism and to design more potent ABCG2 inhibitors. These favorable binding interactions of telatinib towards ABCG2, support that it may modulate the ABCG2 transporter and its substrates. Recent studies have shown ABCG2 as molecular determinant of side population in various cancer tumors, which is a fraction with high presence of cancer stem cells [18] . This side population with cancer stem cells with ABCG2 expression exhibits drug resistance [24] . Incomplete elimination of the cancer stem cells by chemotherapy can result in tumor relapse. Telatinib in combination with ABCG2 substrate anticancer drugs may lead to complete eradication of cancer stem cells and improved clinical outcome. Further studies are required to examine this phenomenon.
Our H460/MX20 (ABCG2 expressing) xenograft model showed significant resistance to DOX, an ABCG2 substrate and conventional anticancer drug. Telatinib significantly enhanced the anticancer activity of DOX in H460/MX20 xenograft. The positive outcome implies that telatinib can be combined with conventional ABCG2 substrate chemotherapeutic drugs as well as other TKIs that are substrates of ABCG2. Telatinib alone also showed antitumor activity in vivo in both H460 and H460/MX20 xenograft model. We believe it could be because of its effect on inhibitory effect on VEGFR. There was no significant difference in the H460 tumor growth rate in telatinib alone or combination treatment group and DOX showed significant anticancer activity compared to vehicle control group in H460 xenograft. Over all, it suggests that ABCG2 inhibition by telatinib in H460/MX20 xenograft is playing a significant role in synergistic anticancer activity. Additional pharmacokinetic and toxicological studies still required for combination study of telatinib and ABCG2 substrate anticancer drugs. Clinical studies have reported that telatinib is well tolerated up to 1500 mg (bid) with recommended dose of 900 mg bid [31, 51] . The recommended dose of 900 mg (bid) gave C max of around 2.5 μM [31, 51, 52] , which is higher than the concentration we used in our in vitro and possibly in vivo study. Cytochrome-P450 isoforms and UGT1A4 are the major enzymes involved in the metabolism of telatinib with major biotransformation into N-glucuronides form in man [31] . These results indicate that telatinib potentiates the anticancer effect of DOX in H460/MX20 xenograft model at concentrations that are clinically achievable.
In conclusion, our results show that telatinib selectively inhibits ABCG2 and potentiates the ABCG2 substrate anticancer drugs and induce cell cytotoxicity in cells overexpressing ABCG2 in vitro and in vivo at clinically achievable concentration. These results indicate that telatinib has the potential to be used in combination with conventional ABCG2 substrate anticancer drugs to combat the MDR-mediated by ABCG2. Further clinical studies are required to address this issue. Membrane vesicles (10 μg) were prepared from HEK293/pcDNA3.1 and ABCG2-482-R2 cells. The rate of uptake of [ 3 H]-E 2 17βG into membrane vesicles was measured for 10 min at 37 °C in uptake medium containing 4 mM of ATP or AMP. For inhibition experiments, membrane vesicles from HEK293/pcDNA3.1 and ABCG2-482-R2 cells were incubated with telatinib or FTC for 1 h on ice, and then transport reactions were carried out for 10 min at 37 °C in an uptake medium containing 4 mM ATP. Each column represent the mean of triplicate determinations and the bars represent SD. *P < 0.05, versus the control group. Experiments were repeated at least three times and a representative experiment is shown. A representative picture of the excised H460/MX20 tumor sizes from different mice is shown on the 18 th day after implantation. The treatment were as follows: (a) vehicle (q3d X 6), (b) DOX (1.8 mg/kg, i.p., q3d X 6), (c) telatinib (15 mg/kg, p.o., every 2 nd and 3 rd day) and (d) DOX (1.8 mg/kg, i.p., q3d X 6) + telatinib (15 mg/kg, p.o., every 2 nd and 3 rd day, given 1 h before giving DOX). Each column represents the mean determinations and the bars represent SD. Data are means ± SD for 8 animals. At least two independent experiments were carried out using athymic NCR nude mice. The statistical analysis was carried out on day 18. *, P < 0.05 versus vehicle group; #, P < 0.05 versus DOX and telatinib group in Fig (A) and (B) , respectively. Telatinib effectively sensitizes ABCG2 overexpressing cells to the substrate anticancer drugs. Biochem Pharmacol. Author manuscript; available in PMC 2015 May 01.
